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[57] ABSTRACT 

Methods and apparatus for controlling a plant are de- 
scribed. The control methods are adaptive and compen- 
sate for changes in plant component characteristics and 
plant environment, and are applicable to systems having 
a bias force. The methods are described in relation to a 
sampled-data control system for a computer disc drive 
servo actuator apparatus but the control methods are 
independent of plant type. Methods for extending a 
linear measurement range of a position sensor, for gen- 
erating a plant gain constant, for measuring plant phase, 
for measuring plant resonance frequencies and compen- 
sating for the effects of plant resonance, and for switch- 
ing between different modes depending on characteris- 
tics of the applied control value are described. These 
methods may be used separately or in combination to 
achieve the desired control. 

64 Claims, 17 Drawing Sheets 
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with electrically connect the transducer head 708 to 
METHOD AND APPARATUS FOR ADAPTIVE electrical read/write circuitry (not shown). The servo 
CONTROL by way of the servo controller responds to a command 

from the interface to perform a track seek. The carriage 
CROSS REFERENCE TO RELATED 5 ^ actuated in a controlled fashion to move all the me- 

APPLICATIONS chanically coupled data heads in unison radially over 

This application is a continuation-in-part of applica- the disc surfaces to position any one of the data heads 
tion Ser. No. 07/861,069, filed Mar. 31, 1992. over a selected track. Since all the transducer heads on 

the carriage move together, the device also includes 
BACKGROUND OF THE INVENTION io head selection control circuitry that selects one of the 

1. Field Of the Invention read/write transducer heads 708 to perform a data 
This invention relates generally to the field of adapt- transfer operation. 

ive digital control systems which maintain closed-loop In a typical digital servo, the measurement that the 

performance despite changes in the open-loop system digital controller reads from the heads consists of a 
and the presence of applied bias forces, and more partic- 13 coarse position indicator value such as the track cross- 

ularly to adaptive bias compensating digital control m g information, and a fine position indicator value such 

systems for magnetic disc storage devices. as the position error signal (PES) generated by demodu- 

2. Description of the Related Art lating pre-recorded servo information stored on the 
Magnetic disc storage device are used in data pro- ^ The PES indicates the position error of the head 

cessing systems for storing relatively large amounts of 20 away from Ae nearest track centerline. There are two 
information that can generally be accessed in inillisec- primary types of servo drive systems: those mcorporat- 
onds. Storage or retrieval of information from the disc . % dedicated servo ^sc which stores only servo in- 
is accomplished by a transducer read/write head that fomation but n0 user dataj ^ sect or servo systems 
generatesaagnalbasedonthemagneticstateofthedisc wherein ^ code & rec orded interspersed with 

or ^^ tiVC y ^S.fnW user data. In a dedicated type servo drive system, the 
netic field based on an si^al/^e ^ ^rma- Qrded servQ dm Qn a dedicated disc 

read/write transduceThead positioning system. Accu- denved directly from the PES because of high PES 
rately positioning the transducer head is made even 30 sampling rate. However, in a sector servo, the servo 
more difficult when the hardware components change data is written on the data discs interspersed between 
due to age or environment Magnetic disc storage de- the read/write data segments, thus it is not possible to 
vices incorporate a closed-loop control system which derive track crossing information from the PES because 
generally use current system state information in con- the system must recognize each track crossing and the 
junction with a commanded position and/or velocity to 35 heads could cross many tracks between PES samples, 
move the head in some optimal or near-optimal manner. In typical disc drives, the actuator is subject to bias 
To some extent some control systems may attempt to components, generally at low frequency, which move 
adjust or compensate for certain changes in the hard- the actuator away from the desired position during seek 
ware or environment. When a control system cannot and track following modes. The bias could consist of 
adequately compensate for some system or environment 40 Du t is not limited to: force from the flexible cable which 
tal change, then these changes must be reduced to ac- ^ attached to the actuator coil, friction in the actuator 
ceptable levels by some other means, such as by provid- bearings, windage due to air circulating inside the head 
ing more precise tolerance hardware component. Posi- ^ c assembly, gravitational force on the carriage assem- 
tional accuracy, noise and disturbance rejection, robust- y y $ fa c ac tuator is not perfectly balanced, and system 
ness to hardware plant and environmental change, and 45 electronic offsets which results in a constant current to 
the response time needed to achieve that commanded be app iied to the actuator with zero control effort, 
position are indicators of performance. There may gen- ^ actuator m & heads are electro-mechanical com- 
erally be a tradeoff between each of these factors. With- ponents md ^eir parameters, such as torque constant, 
out using tight tolerance components, the performance ' meTti ^ core width, and head gap, are subject to varia- 
of conventional controls systems applied to magnetic 50 tion ^ other parameters that can vary 
disc storage devices has been limited and does not pro- m AQQ lQOp ^ $eryQ demodulatX)r gain> A/D con- 
vive desired level of performance. verter gain, D/A converter gain, and servo power am- 
FIG. 1 is an wustration which snows an example s of a ^sco nduc tance gain The variation can be due 
£SS£ T^^^<£^ 55 'o component tolerance, temperature, humidity, wear 

on which data is magnetically sensed and/or recorded not * P os ? blc t0 . **** n0mmal 

in addressable sectors 703 located on circular data formance with the variations of system parameters that 

tracks 704. The disc assembly 706 is mounted on a drive 60 occur - ° ne wa y to deaJ ^ this problem is to decrease 

spindle 707 in the storage device that rotates at a sub- ^e performance level so that a disc drive with worst- 

stantially constant speed. The storage device also in- case components and environment can perform accept- 

cludes one or more transducers or read/write heads ably. Another way is to tighten component tolerance to 

70S, associated with each surface of the disc. The trans- achieve the desired performance, but this may mcrease 

ducers are mounted on an arm 709 of a movable trans- 65 costs substantially. Neither of these alternatives are 

ducer or actuator arm carriage 710 which is linked to a particularly attractive. The control methods and appa- 

servo actuator 711. A flexible cable 712 extends from ratus according to the present invention overcomes 

the transducer head 708 along the actuator arm 709 these limitations. 
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Unlike other adaptive control techniques, the present tor, by determining a plant gain adjustment factor. This 
invention will work with a system having an arbitrary method comprises commanding the actuator to a posi- 
bias force. The present invention identifies the plant tion with a control signal, generating a single-frequency 
gain constant while track following, whereas the con- sinusoid signal, injecting the single-frequency sinusoid 
ventional methods do it only while seeking. The adapt- 5 signal into the control system so that the sinusoid is 
ive algorithm described in this invention does not re- effectively added to the control signal, multiplying the 
quire or assume the system to be bias-free or have con- control signal and the added sinusoid signal by the si- 
stant bias characteristics. The bias force can be arbitrary nusoid signal to generate a first product signal, measur- 
and slowly varying and its magnitude can be different in m g a position of the transducer, multiplying the mea- 
the forward and reverse seek directions. The calibration 10 sured transducer position by the sinusoid value to gen- 
can be done one track at a time if necessary or desirable. era t e a second product signal, low-pass filtering the first 

These techniques may require that the magnitude of product signal to generate a first filtered signal, low- 

the bias force be insensitive to seek direction, and pro- pass filtering the second product signal to generate a 

vide an adaptive algorithm only for a second-order second filtered signal, dividing the second filtered signal 

plant. See, for example, U.S. Pat. No. 4,697,127 issued 15 by ^ ^ filtered signal to generate an identification 

to Stich et al., or U.S. Pat. No. 4,679,103 issued to ^tio which & pr0 portional to the measured plant gain, 

Workman, and herein incorporated by reference. Both then de teniiining a new calibrated plant gain adjust- 

of these requirements do not apply to the present inven- ment factor ^ a of the identification ratio, and 

tion. The adaptive method of the current invention will rep iacing a previous plant gain adjustment factor by 

work with any plant that can be adequately modeled as 20 ^ new calibrated plant gam adjustment factor, multi- 

a linear system. Therefore, it will work with a plant of plying the contfol by ^ new ^^ted plant 

any order. . . . _ , gain adjustment factor to obtain an adjusted control 

An objective of this invention is to provide an adapt- ^ ^ &e CQntrol ^ automaticaHy con> 

ive sampled data control system for a disc drive head ^ tes for lant bia9 fo^^ adapts to changes in 

positioning system. 25 plant Eain 

It is also an object of this invention to provide an T ac * * * t L, f t,„ nUnt ; Q 
adaptive method which is independent of the control 1x1 of mv ?* on ' the plant phase is 
SS vSK S conTrXystem and drive code. measured [ n ° * c ™ f on ' ^ 
It ™er object of this invention to provide an resonance frequency is determined and the effects corn- 
adaptive control system that generates a plant gain 30 P^^ * or - . 

constant for each of the transducer read/write heads. . . In pother aspect of the invention, a method of linear- 
It is a further object of this invention to enable the ™* * e Positioning of a position sensor, such as a trans- 
firmware to measure the servo system's resonance fre- ducer head > ? Provided. The method comprises gener- 
quencies assuming high enough sampling rate so that atm S ^ Precision linear position output value over a 
the resonance may be compensated for. 35 relatively large range of actuator motion by combining 

It is a further object of this invention to disclose an coarse ™* fme position information, 
adaptive digital control system that has an estimator r * pother aspect of the present invention, a method 
algorithm to estimate the position and velocity of the ** mamtaming a position sensor, such as a transducer 
head, and the bias of the system. m a centered position relative to a desired sensor track 
It is a further objective of this invention to provide a 40 » provided. The method comprises the steps of reading 
method of calibration to deal with variations in compo- position data, calculating a position of the sensor from 
nents and environmental characteristics to maintain position data; calculating a predicted position, ve- 
optimal performance without increasing cost. ^city, and bias, from previous predicted position, ve- 
It is a further object of the invention to provide a locit Y> bias > ™ d contro1 values > and current 001111:01 
position measurement technique which extends the 45 value; generating a control value based on the predicted 
linear range of the position sensor across a plurality of position, velocity, and bias values; limiting the control 
servo tracks. value 10 a predetermined maximum value; multiplying 
It is a further object of the invention to provide an said control value by a plant gain adjustment factor to 
apparatus that provides the digital adaptive control to a generate a compensated control value; shifting the level 
magnetic disc storage device or similar electro-mag- 50 of the compensated control value to a predetermined 
netic plant. range; generating a compensated control signal in re- 
sponse to the compensated control value; applying the 
SUMMARY OF THE INVENTION contro i ^1 to ^ amplifier to drive the actuator; 
The invention describes adaptive control methods for calculating an estimator error between the measured 
controlling an electro-mechanical plant whose charac- 55 position sensor position and the predicted position sen- 
teristics change as a result of component wear, manu- sor position; pre-calculating new predicted states for 
facturing variability, and the like, and environmental position, velocity, and bias, based on the previous pre- 
conditions. Such adaptive control provides for preci- dieted position, velocity, and bias, the estimator error, 
sion control of an electro-mechanical actuator, such as a and the current and previous control values; updating 
computer disc read head transducer, which generally 60 the control value by replacing the previous control 
cann ot be achieved without extremely high precision value with the present control value; and repeating the 
components. The adaptive control system according to method for each actuator servo interrupt 
this invention is applicable to systems having applied In other aspects of the present invention, alternate 
bias forces, and to plants having a broad range of char- methods for maintaining a position sensor in a desired 
acteristics. 65 location are described, one of which is in a form suitable 

In one aspect the invention provides a method of for a transfer function design, 

adaptively calibrating a plant gain for regions of a disc In another aspect, a method for switching among a 

and for each of the transducer heads linked to an actua- plurality of amplifier gain modes is described. 
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In other aspects of the present invention, apparatus is ferred embodiment will be readily apparent to those 
described for implementing the methods described skilled in' the art, and the generic principles defined 
herein. herein may be applied to other embodiments and appli- 

„ ^„ r^r^ t^t» a cations without departing from the spirit and scope of 

BRIEF DESCRIPTION OF THE DRAWINGS 5 ±e ^uon. This, the present invention is not in- 

The purpose and advantages of the present invention tended to be limited to the embodiment shown, but is to 
will be apparent to those skilled in the art from the be accorded the widest scope consistent with the princi- 
following detailed description in conjunction with the pies and features disclosed herein, 
drawings. This invention is described with respect to _a head 

FIG. 1 is an illustration which shows an example of a 10 ^positioning system of a magnetic disc storage device 
disc storage device; employing a digital sector servo control scheme and a 

FIG. 2 is an illustration which shows a simplified multi-tasking micro-controller. However, it is applica- 
block diagram of the major components of the present ble to any closed loop system where the_plant can be 
invention; mgjifilg dby a linear transfer function with a plant g ain 

FIG. 3 is an illustration which shows an example of a 15 constant The control effort is characterized by a num- 
format of sector servo data and some signals derived ber generated by a digital processor/controller, such as 
from the sector servo data; a microprocessor, and that the measurement is read and 

FIG. 4 is an illustration which shows the characteris- processed also by the same servo controller. The meth- 
tics of the modulo-74 seven-bit Gray code; ods according to the present invention are particularly 

FIG. 5 is an illustration which shows a simplified 20 applicable to digital sampled-data systems, but one 
hardware block diagram of an embodiment of a servo skilled in the art will appreciate that these same tech- 
system according to the present invention; niques are analogously applicable to analog systems 

FIG. 6 is an illustration which shows a block diagram employing continuous signals, and to hybrid digital- 
for an embodiment of a glue chip; analog systems. 

FIG. 7 is an illustration which shows a diagram of the 25 The adaptive sampled data control technique of the 
method of deriving transducer head position informa- present invention greatly reduces noncoherent noise, 
tion from coarse and fine position information in differ- and both gain and phase information can be derived 
ent modes; with the technique. Some of the noncoherent noise is 

FIG. 8 is an illustration which shows a measurement reduced by using signal time averaging techniques. T he 
construction technique which provides a methodology 30 adaptive algorithm provides optimal periormance by 
for combining a coarse measurement value and a fine maintaining the same gain and phase margins, and cross- 
measurement value into a singular number so that the over frequency, regardless of changes in system param- 
linear range of a position sensor is extended to many eters. The changes can be due to component tolerances, 
disc servo tracks; environmental temperature, humidity, or component 

FIG. 9 is an illustration which shows a flowchart of 35 aging. In other words, closed-loop performance is main- 
an embodiment of the methodology for constructing tained even with changes in open-loop gain. Lower cost 
the linear transfer function over a relatively long seek components with larger variations can be used to build 
length, and determining a precise value of head posi- the products. The same performance can then be ex- 
tion; pected from drive to drive. No adjustment or tuning is 

FIG. 10 is an illustration which shows a flowchart of 40 required for a product incorporating this adaptive con- 
an embodiment of the Adaptive Control Procedure; trol methodology. This results in lower labor cost and 

FIG. 11 is an illustration which shows a flowchart of higher reliability than conventional systems, 
a First Alternate embodiment of the Adaptive Control Because the method for adaptive digital control and 
Procedure; the code is independent of the control method used, it is 

FIG. 12 is an illustration which shows a flowchart of 45 product independent and can be used in many different 
a Second Alternate embodiment of the Adaptive Con- types of electro-mechanical systems, particularly differ- 
trol Procedure; ent disc drive products. 

FIG. 13 is an illustration which shows a block dia- The adaptive control system according to the present 
gram of the digital servo control system according to an invention generates a plant gain constant for each of the 
embodiment of the present invention; 50 servo heads coupled to an electro-mechanical actuator. 

FIG. 14 is an illustration which shows a model for the These gain constants can be read via the interface bus as 
continuous plant in an observer canonical form; well as stored away in a data base. This data base can be 

FIG. 15 is an illustration which shows a block dia- used to keep track of drive variations, maintain quality 
gram of a servo system during a calibration; and control, aid in drive diagnostics, and prevent produc- 

FIGS. 16(A-C) is an illustration which shows a flow 55 tion problems, The technique can also be used as a tool 
diagram of the Adaptive On-line Calibration Procedure to measure changes in the actuator's torque constant 
(AOCP) for Plant Gain Constant Identification. across the disc, and therefore compensate for these 

The purpose, structure, and advantages of the current changes if necessary, 
invention will be apparent to those skilled in the art The, sen/o system resonance frequency can be dete r- 
from the following detailed description of a particular 60 m ined when a sufficiently high sampling ratej sjmple- 
embodiment of the invention. caenjed, A nadaptive on-line digital no tehji^^anjhen 

, „ _____ be used to cancel out the resonance/The digiteTnotch 

DESCRIPTION OF THE PREFERRED fiter^ciinJa ^ 

EMBODIMENT method or with coefricients being alunction^ pfUthe 

The following description is presented to enable any 65 reson^nce^requencx 
person skilled in the art to make and use the invention, The head positioning servo is a sampled-data control 
and is provided in the context of a particular application system using a state-space controller with bias estima- 
and its requirements. Various modifications to the pre- tion. The methods of this invention may also be applied 
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using transfer function equivalents. The system gain is In the seek mode, the heads are moved across the 
calibrated while the servo is in track following mode. tracks. This is achieved by having the estimated veloc - 
The head positioning system is susceptible to variations i rv. follow an optimu m velocity_ Jraiectory . Once the 
in analog to digital (A/D) converter gain, the digital to heads are moved close to the boundary of the desired 
analog (D/A) converter or pulse-width-modulator 5 tracks, the servo operates in track follow mode where 
(PWM) converter gain, filter gain, power amplifier the actuator is servo controlled to bring the center of 
transconductance gain, torque constant, actuator iner- the selected data head to align itself with the centerline 
tia, head radius, track pitch, sampling period, demodu- of the desired track. To accurately position the heads 
lator gain, and head and media characteristics. D uring^ over the centerline of a track, a closed-loop sampled- 
calibration. a single-frequency sinusoid is added to the 10 data control system is used. The digital control system 
control at * v*ry sample whil^Jraclcfhllnwing. The sum i s a state-space design with a full-order estimator . The 
of the control and the smusold^arTnlodulated (multi- estimated states are calculated based on the measure- 
plied) with the sinusoid. The measured fr AqH positjojus ment, the control value, the last control value, and the 
also modulate d (mulftp lied^ with the sinusoid. The__xe- last estimated states. The bias that the dynamic system is 
su its of each modulation are applied to separate dig ital 15 subject to is estimated by the estimator, and the esti- 
low^pass filters so as to keep only coherent mlormation. mated bias is used by the control to cancel out the unde- 
The ratio of the filter outputs is then used to compute sirable bias seen by the plant 

the plant gain constant. FIG. 2 is an illustration which shows a simplified 

The measurement consists of two parts: a coarse block diagram of the major components of the present 
value based on Gray code reading and a fine value 20 invention. This figure shows the hardware plant, the 
based on the A/D reading. In most disc drive head various inputs to the plant, and the major elements of 
positioning systems, the linear range of the A/D con- the control system. Also illustrated are the parameters 
verter is no greater than ±j a track pitch. Embodi- of the plant which are controlled by the control system 
ments of the present invention provide a measurement according to this invention. The illustration shows that 
construction technique which combines both the coarse 25 the method can compensate_for„ bias forces having 
measurement and the fine measurement into a singular somewhat arbitrary characteristics, so long as it can be 
number to extend the linear range of the sensor to sev- modeled, and is adapt iyj^i^^gesjn^ plant ch aracter- 
era! tracks. i stics and en vironment. These attributes are not pos- 

The present invention describes an adaptive-digital— sessed by conventional control systems. 
control syste m ihaiAaa anestjnvitnr algorithm tn rrtnrr 30 The following section describes the sampled data 
lish the position and velocity of the servo head, and the control system for a magnetic disc drive. Its function is 
low-frequency bias of the system. The bias estimate is to accurately position the selected read/write-head 
required to compensate for the bias forces acting upon over the selected track centerline (the track following 
the system. The amplitude of bias forces need not be mode), and to seek to the selected track as fast as possi- 
constant over the range of actuator motion. The profile 35 ble (the seek mode). The description covers the system 
of the bias force amplitude versus track position can be hardware, the estimator and control algorithm, the 
arbitrary. The input to the estimator are: the digitized identification algorithm to measure the plant gain con- 
value of the position error signal (PES), the Gray code stant, and the adaptive on-line gain adjustment to com- 
value, the current digital control value and the last pensate for system parameter variations, 
digital control value. At every sample, tu g-controlle r 40 

calculates the control value based *on the e stimated bystem Hardwarc 

position, velocity, bias, and the absolute position ofth e FIG. 3 is an illustration which shows a possible for- 
ta rget tra ck. Botn tne present and last control values are mat of sector servo data and signals derived from the 
used by the estimator to compensate for computational sector servo data. In this example, a DC erase field 121 
delay. In order to rninimize computational delay, the 45 is pre-recorded at every sector to signify the beginning 
equations for the estimator and controller are arranged of a sector. Coarse track information in the form of 
so that only one multiplication and one addition are modulo- 74 seven-bit Gray code 122 and a fine-track 
necessary to calculate the control. The control is then information in the form of a first burst signal 123 and a 
multiplied by a plant gain adjustment factorjc^to com- second burst signal 124 is pre-recorded after the DC 
p ensate for the difference betwee n the actual plant and 50 erase field 121 in this sector servo data format. The 

ty» <^HnT fltor plant model. ~ ; fine-track information, the Position Error Signal (PES), 

The digital control system for the disc drive head is derived from the difference in the detected amplitude 
actuator operates in two basic modes: seek and track of the analog burst signals. The PES is proportional to 
following. In the present invention, the performance of the distance of the head from its track center, 
each mode is optimized without impacting the other 55 FIG. 4 is an illustration which shows the characteris- 
mode. The velocity, profile is stored in random access tics of the modulo-74 seven-bit Gray code. The reason 
memory ( RAM) and i s looked up during the high ve loc- for selecting the modulo-74 code is to limit the maxi- 
ity part ot the pro'i ife. At the low velocity part of the mum number of consecutive zeroes in the Gray code to 
profile, the velocity is calculated on-line by the micro- two, thus preventing erroneous detection of the DC 
processor to improve resolution of the velocity profile. 60 erase field by confusing a sequence of zeros within the 
Gain switching of the power amplifier is employed to Gray code field 122 as the erase field 121. 
increase the PWM D/A resolution and track following FIG. 5 is an illustration which shows a simplified 
accuracy. Because of the difference in the design of the hardware block diagram of the servo system 100 of the 
two modes, before switching modes it is beneficial to do present invention. Although the method of the inven- 
conversions of state variables as well as compensation 65 tion described here is applicable to any digital control 
for the control. This helps minimize any switching tran- system for an electro-mechanical plant; and in particu- 
sients when switching from seek mode to track follow- lar, may be used on a disc drive having either dedicated 
ing mode, and results in faster settling time. servo or embedded sector servo, among others; it will 
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be explained in the context of hardware designed for an is built into the micro-controller 110. The micro-con- 
embedded sector servo. troller 110 communicates with a glue chip 103 via a 
A-ftinftle actuator |04 is m^haiiicallv cpupled to a multiplexed address/data bus 131. The micro-controller 
plurality of heads 105. As the actuator 104 moves the no reads the Gray code from the glue chip 103 and the 
heads 105 across the disc, t heanalog read back sinial of 5 digitized PES from the A/D converter 108. The micro- 
the selected head 106 is amplified by the head pre- processor 110 also performs the estimator algorithm 
amplifier 101 and converted to digital encoded read computations, computes the control value, and then 
data by the demoduhtor/puke : detector 102. One rune- sends ^ control value t0 a pui^d^ modulator 
tion of the glue chip 103 is to detect the DC erase field ^ a fonn of D/A converter, in the 
from the mptal ^coded read da*. Onoe the DC xrase 10 " ^ ^ ^ pwM J32 . b 
field 121 is located on the disc surface, the glue chip 103 f secOTd % rder x J s Mter mto remove ^ switch . 
generates reset and latch signals to sequentially dis- f * ew ™ 1U ™ ^ x ™ w iwwvcuw^ 
charge and then charge hold^pacitorTlO? in the de- ™" other charactemti^ mcluding 
modulator to a voltage corresponding to the average higher order filters, may also be used. The filter output 
amplitude of the burst signals 123, 124. The Position 15 is then ampMed by a transconductance power amplifier 
Prrnr y pn^ (PRS) « « signal whir.h is pro por^olS to «5 to provide current drive to the actuator assembly 
the difference between the average amplitude of the 

first and second burst signals 123, 124. Thus, the PES is Adaptive On-Line Calibration and Control 

also proportional to the distance from the centerline of 

the nearest track. The PES signal is converted to a 20 The overall method for calibrating and adaptively 

digital number by the A/D converter 108. The glue controlling an electromagnetic system such as a disc 

chip 103 also generates servo interrupt signals for the drive head actuator servo comprises several separable 

microprocessor, sector mark data which contains guard methods which work in concert, 
band and index information, and grey code information. In simplified terms, the precision head positioning 

FIG. 6 is an illustration which shows a block diagram 25 procedure 403 provides a precise measurement jym^ of ^ 

for an embodiment of a glue chip 103. This glue chip th e l ocation of the read/write head 708 which is me- 

provides several functions in a single package and com- chanically connected to the actuator 710. This mea- 

prises the following device control functions: Power-on sured pos ition is derived from the Gray code and the 

Reset Circuit, Chip Select Logic, Write Fault Logic, digitized value of the analog PES signal which are read 

Spindle Speed Control, Two Pulse Width Modulated 30 e ^ a valid d c fidd h detected by ^ gi uc 

D/A Outputs, and Embedded Servo Decode. In addi- chi ^ 

don to the m ^^ ofA ^ to "^° + f )dc The track following mode procedure 402 provides a 

FIG 3 » an illustration which shows the read data ^ comro * ba ^ on curre nt head 

^^^oftliet^i^tmfhcgteGlup ^ pi^ IOT ^^^ 

In reference to FIG. 5, there is shown a multi-tasked and ^rec ficted jta t es for h ead positio n, velocity, and 
time-shared micro-controller 110 with read-only mem- actuator oias. , 
,j pry (ROM) 111, random access memory jCRAMHU The adaptive gam adjustment procedure W calcu- 
late memory 11 3. and a inicroprocessor 114. The mi- lates ™ updated plant gam adjustment factor, kg, for the 
cro-controUer UlTprovides overall coordination and 40 particular track or zone of tracks based on the measured 
processing control. The algorithms described subse- position, y m , the adjusted control, u* andjLsingleJre- 
quently are performed digitally by the microprocessor qu ency sampled sinusoidal signal, u f . The digitally gen- 
114. In practice various embodiments of the invention erated sinusoid, u*» is used in a procedure to accomplish 
may utilize a different possible micro-controller or mi- extraction of desired signals and suppression of unde- 
croprocessor whose computational speed should be 45 sired signals. Only sampled values of continuous signals 
commensurate with the servo sampling rate. For one are used in this digital control method. Analogous con- 
embodiment of the present invention, an Intel 8XC198 tinuous signals may be used applying the methods of 
16-MHz multi-tasked time-shared micro-controller 110 this, invention for an analog or hybrid digital-analog 
is used, for example. This particular micro-controller system. Once calculated, the plant gain adjustment fac- 
incorporates a microprocessor 114, A/D converter 108, 50 t0fj ^ then used subsequently as part of the control 
and ROM 111 into a single package. The RAM 112 is algorithm. In general, a different plant gain adjustment 
external to the package. Separate rmcroprocessors 114, factor> k may ^ calculated for each head and for each 
ROM 111, and A/D converter 108 may also be used. Uack or * one 6[indkB on the ^ ^ physical extent 
In one jmibodiment of the present mvention, the algo- of a ^ cviat ^ ^ depending upon the de- 

nthmic code for the digital control is divided m two 55 -„ Ann n „ A ^ a r Q M 0 nc^c «f 

parts. One part resides inthe internal ROM 111 and the afed accuracy and predion, and Ae characteristics of 

o^hfl^l^ ^^B^» ^e gam adjustmen t procedure 

ROM code consists of only those parts of the servo ™* * PfrfonnedlSr each head, and each z^ne of Ae 

code which are unlikely to change. RAM code can be *»* the constituent procedures, 401 402, 403, 

changed quite easily, and the parts of the servo code 60 13 described in greater detail below. Aspects of the pro- 

which are likely to be changed are downloaded to cedures ma y bc a PP hed t0 conventional systems with 

RAM 112 via an interface to a host computer (not *° me improvement m performance. For example, the 

shown) to the reserved tracks of the disc drive during adaptive on-line gain calibration 401 procedure may be 

manufacture. Every time the drive is powered up, the implemented without incorporating the Precision Head 

binary code in the reserved tracks is uploaded into ex- 65 Position Measurement 403 technique. However, the 

ternal RAM 112 of the micro-controller 110. best way to practice the invention and wherein the 

In the embodiment of the present invention using the greatest improvement in performance will be obtained 

Intel 8XC198 micro-controller, the A/D converter 108 is to use all of these procedures 401,402, 403 in concert. 
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^ „ , according to the present invention comprises the fol- 

Precision Head Position Measurement Procedure c*™. 

rPMPvm lowing steps: 

PHPMP Step 1. The head preamplifier 101 reads the 

The adaptive on-line plant gain calibration is accom- servo code, including the Gray code pulses 122 and the 

plished by first commanding the head/actuator to the 5 analog burst signals 123, 124, and supplies analog read 

center of a zone of tracks to be calibrated. A zone of data to the demodulator/pulse detector 107. The 

tracks may be a single track or it may be a region of the demodulator/pulse detector 107 provides an analog 

disc including a plurality of tracks. The command to the p£S signal to the A/D converter 108 and digital read 

desired track center is accomplished by performing a ^ata to the glue chip 103 and servo data logic, 

seek. For the initial calibration, the value of the com- 10 PHPMP Step 2. Subtract the digitized PES value 

pensatmg gain constant, kg, Js assumed to be unity from the nu u va i ue (mid-point) of the A/D converter 

(k^TJTWnenThe seek to the target zone is accom- m For ^ 8 _ bit A/D converter, the theoretical mid- 

plished, the system is commanded to perform a track mt value is 12$. An actual value of the mid-point may 

following mode. In track following mode, the servo differ from tne theoretical value and can be calibrated 

data is read, including the Gray code 122 and the digi- 15 md used hssUad of ^ value, 

tized value of Ae PES derived from the two analog pHpMp s 3 M uJ^Ufee-4i^^ 

signal bursts 123, 124 The seryo data is then used with PPR ^^^^^^^^^.1 
a measurement construction technique to calculate a 

value of the head position, y m . The measurement tech- J S^mFtonf of t he fi ffl^ak value of die 

nique according to the present invention provides a 20 ™£ ' , ^ iw _ o a /n n^Hmii^tinn 

method of lmearizing the position measurement across A/D u C ? nv ^ ei ' Fo ™ ^l^S 

several servo tracks and in most cases across the entire ^^1™?**™™ * + 1 * C ° UntS " t t nV 

seek length of the actuator. In a conventional disc drive St ?P 4 - Ne ^ e * e result if the current track 

control system, the linear range of the position sensor, number ' T «» ^ on the Gray code value, is odd m 

including the A/D, may be limited to only about ±1 of 25 t0 convert the ^ of 1116 transfer frncuon to be 

the track separation or pitch. Track pitch is the radial the same as that of an even track. 

separation distance between adjacent tracks. PHPMP Step 5. Add the multiplication result to the 

FIG. 7 is an illustration which shows a flowchart of mid-point value of the A/D. For the 8-bit A/D, the 

the conventional method of deriving transducer head result should be in the range of 0 to 255. 

position information from coarse and fine position infor- 30 PHPMP Step 6. Shift the current track number de- 

mation. In this conventional method, coarse track infor- rived from the Gray code 122 by the A/D word length, 

mation, such as from the grey code, is used for seeking, This bit shift is equivalent to multiplying the current 

and fine track position information (PES) is used for track by 2 n where n is the A/D word length. For an 

track following mode. 8-bit A/D converter word length, the multiplication 

FIG. 8 illustrates a measurement construction tech- 35 factor is 256. 

nique according to the present invention which pro- PHPMP Step 7. Add the result of the addition 

vides a methodology for combining both the coarse (PHPMP Step 5) and the track number shift (PHPMP 

measurement value and the fine measurement value into Step 6) together to obtain the position measurement, 

a singular number so that the linear range of the position y m . 

sensor is extended to many tracks. In FIG. 8 there is 40 The PHPMP procedure can be expressed mathemati- 

shown a graph of mea sured position, y m , versus disc cally by the pair of expressions: 
track, or equivalently seek distance, showing a method 

of constructing a continuous linear transfer function y m = (2" X t cn ) +(k norm x (AD m v - PES)) + AD^ 

across the entire seek length of the head by combining 

the piece-wise linear transfer functions across individual 45 for T « ^ 

tracks and the continuous transfer function of the PES „ . , . n 

versus displacement characteristic. The measurement ^~ (2 x T cn )-(k nom x(AD mv -P£S))+AD mYt 
technique which is presented graphically in FIG. 8 may 

be understood in the context of the description and tor 1m odd. 

mathematical relation below. 50 u * thes * ^T? V ! 

The method for combining the coarse and fine mea- the multiphcative normalizing consent ^that 

surements and extending the linear range of the position «*y be <* c h X ™ ck <* 20ne °* U * C *Z> PE * 18 

sensor is described in the context of an embodiment of the digitized PES value Ten is the current track number 

the invention using a 16-bit value for the position mea- which value is extracted from the servo Gray code 122, 

surement, y m , and an 8-bit A/D converter. However, it 55 and AD™ is the mid-point value of the digital output of 

is applicable to any bit length words. the converter. 

FIG. 9 is an illustration which shows a flowchart of Adaptive Control Procedure (ACP) 
an embodiment of the computational methodology for _ 
constructing the linear transfer function over a rela- FIG. 10 is an fflustration which shows a flowchart of 
tively long seek length, and determining a precise value 60 an embodiment of the adaptive control procedure. Each 
of head position, y m . The extension of the linear transfer of the steps represented in FIG. 10 is described in 
function over the entire seek length of the actuator, greater detail below. Some of these steps described 
rather than a piece-wise transfer function as in the con- herein for the ACP overlap or are included in the de- 
ventional control system, is advantageous because it scriptions of the other methods. This descriptive over- 
improves: 1) the smoothness of the seek current, and 2) 65 lap is largely unavoidable since the other procedures 
quantization noise and transition from seek to track may represent refinements or extensions of other tech- 
follow mode. It also increases the capture range from niques described. 
± j track to plus-or-minus several tracks. The method ACP Step 1. Handle Servo interrupt 
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ACP Step 2. Read the Gray code and the digitized 

PES. *2+-*2 +b* Xx 3 +b 7 X u+b 8 X ujt_ j +b9X e 

ACP Step. 3. Calculate the actual position measure- _ _ 

ment, Y m . (This Precision Head Position Measurement x 3 — x 3 +bioXe 
Procedure has been previously described.) The value 5 
y m is a 32-bit number with its least significant byte cal- where 
culated from the A/D. ~ xj =predicted position, 

ACP Step 4. Calculate the control, u* based on pre- x 2 = predicted ™ oclt * 
calculated predicted states for position, velocity, and X3- predicted bias, 
bias; and current position measurement y m . 10 e is the estimator error defined above, 

The equation for the control, u„, is given by: u 18 present control which has been limited, 

ujt-iis the previous control, 
u u ~a\Xy m +pre-resulL bi=A*(l,2), 

b 2 -Ae(l,3), 

where 15 D3~B e i(l), 

b4=B e2 (l), 

"^-Kt* b 5 =L(l)+A e (l,2)XL(2)-hAe(l,3)XM3), 
- b 6 =A,(2,3), 

b 7 =B e i(l), 

prt„rault~{KxLxC e -fOXx+K{\)Xr 20 bg=Be2(2), 

b 9 =L(2)+A*(2,3)XL(3), and 

where K— control gain, and L= estimator gain, Cgis the bio=L(3). 

output vector that translates the estimated state to the ACP 10 - Update the control value, u, by repiac- 

measurement, and where pre-result is a result of the m g the previous control value, \Xk-h with the present 

pre-calculation based on predicted states. The measure- 25 control value in anticipation of the next control itera- 

ment is in general a linear combination of the estimated ^on; 

state. Pre-result in either initialized to a value or is avail- u 
able from the prior execution of this procedure under 

ACP Step 5. Limit the control, u«, to maximum linear pr 1 n ' 

range of the PWM D/A convenor ( to generate the JWJB »ft= lw x;h+«BXjii+«j J X*,+«,xr 
limited control, u. Preferably. u u should be limited such " 

that the product kgXu tt does not exceed the maximum where 

linear range of the PWM D/A converter, A 2 -[a 2 i 322 a23]=(KxLxG*)-K 

ACP Step 6. Adjust the limited control, u, by the a3=K(l) 

plant gain adjustment factor, kg, to compensate for van- ACp Step n Optionally perform error checking, 

ation m plant characteristics. ACP Step 13. Optionally call the task scheduler. 

The adjusted control, u«, is given by the expression: ACp Step 14 R eturn t0 ACP Step 1 on receipt of the 

next servo interrupt. 

Ur ~ gXu Another embodiment or variation of the practical 

„ ♦ _ . ■ „ , . #w* *w *w 45 implementation of the method is described below. This 

^n^^lL implementation differs from that described above in 

S vst that the error estimator is computed earlier and the 

ACP Step 7. Level shift the adjusted control, u* and calculation of the control incorporates the error estima- 

output it to the PWM for application to the actuator. tor ra he f ^ m^ured position directly. The 

ACP Step 8. Calculate the estimator error between 50 pre-calculated P re_ result also differs between the two 

the measured and predicted head position. approaches and constants may differ. 

The estimator error, e, is given by the expression: First Alternate Adaptive Control Procedure (FAACP) 

. FIG. 11 is an illustration which shows a flowchart of 
a = y m _ Ctf x x 55 a first alternate embodiment of the track following 

mode procedure. This alternate method differs in that 
the mathematics to be implemented are somewhat sim- 
where i| -predicted position, i 2 =predicted velocity, P 1 *- ^nerally, the ACP method according to FIG. 10 
^predicted bias. The predicted position, i b is a dou- * preferred because the control u can be calculated 
ble word including n bits with a resolution of |« of a « with less computation delay since the estimator error 

does not have to be calculated first. Each of the steps 
ACP Step 9. Calculate the new predicted states in represented in FIG. 11 is described in greater detail 
anticipation of the next iteration of the compensation below. Some of these steps described herein for the 
procedure. FAACP overlap or are included in the descriptions of 

The predicted states for position, £« velocity, 1% and « the other methods. This descriptive overlap is largely 
bias, X3, are given by the following expressions: unavoidable since the other procedures may represent 

refinements or extensions of other techniques described. 
xl ^xi+bixx2+b2Xx3+b 3 xu+b4Xu*_i+b 3 xe FAACP Step 1. Handle Servo interrupt. 



- ym - *1 
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FAACP Step 2. Read the Gray code and the digi- u*_i is the previous control, 
tizedPES. bi=A*(l,2), 

FAACP Sjtep 3. Calculate the actual position mea- b2=A«(l,3), 
surement, y m . (This Precision Head Position Measure- b3=B e i(l), 
ment Procedure has been previously described.) The 5 b4=Be2(l)» 

value y m is a 32-bit number with its least significant byte bj=L(l)+Ae(l,2)XL(2)+A£(l,3)xL(3), 
calculated from the A/D. b6=A«(2,3) > 
FAACP Step 4. Calculate the estimator error, e, b7=B e i(l), 
based on the equation: bs=Be2(2), 

10 b 9 =L(2)+A^2 > 3)XL(3), and 
n _ bio-L(3). 
t o y m - q x x FAACP Step 10. Update the control value, u, by 

- ym-xi replacing the previous control value, u*_i, with the 

present control value in anticipation of the next control 
where xi= predicted position, X2= predicted velocity, 15 iteration; 
X3 = predicted bias. The predicted position, xi, is a dou- 
ble word including n bits with a resolution of J" of a ufr_i*-u. 
track. 

FAACP Step 5. Calculate the control, u«, based on FAACP Step 11. Calculate the pre-result for the next 
pre-calculated predicted states for position, velocity, 20 sample. 

and bias. The pre_result for next sample is given by the ex- 

The equation for the control, u», is given by: pression: 

u u = a\ X t + pre-resvltA, prc-rcsul- 

25 L4=^(l)x3ci-^(2)X52-(l/^3)x3t3+i^l)Xr. 

where at= — KxL, and pre-resultA is a result of the _ A A _ _ ^ „ . ... 

STSE^ based on predicttd states * ven by the ^ S SSS^SEHK 

expression: FAACP Step 14. Return to FAACP Step 1 on re- 

prt-rtsul- 30 '^P* of next servo interrupt 

J= -*!)><(*, -,)-iT( 2 )x^-(i/^)xx3 J Second Alternate Adaptive Control Procedure 

where kj3=a scale factor for the bias estimate. (SAACP) 

FAACP Step 6. Limit the control, u„, to the maxi- FIG. 12 is an illustration which shows a flowchart of 
mum linear range of the PWM D/A convertor to gen- 35 a second embodiment of the adaptive control proce- 

erate the limited control u. Preferably, u u should be dure. Each of the exemplary steps represented in FIG. 

limited such that the product kg X undoes not exceed the 12 is described in greater detail below. This adaptive 

maximum linear range of the PWM D/A converter. control procedure will work without using an estima- 

FAACP Step 7. Adjust the control by the plant gain tor. It will work using a transfer function design. The 

adjustment factor, kg, to compensate for variation in general form of the transfer function of a compensator 

plant characteristics. may be given by, for example, the expression: 
The adjusted control, Ua, is given by the expression: 

u a =kgXu 

where k* is used to compensate for the fact that the 45 SAACP Step 1. Handle Servo interrupt. 

estimator model has a different gain constant than the SAACP Step 2. Read the Gray code and the digitized 

actual system. PES. 

FAACP Step 8. Level shift the adjusted control, u ff , SAACP Step 3. Calculate the actual position mea- 
and output it to the PWM for application to the actua- <n surement, y m . (This Precision Head Position Measure- 
tor 50 m ent Procedure has been previously desenbed.) The 

FAACP Step 9. Calculate the predicted states in value y m is a 32-bit number with its least significant byte 
anticipation of the next iteration of the compensation calculated from the A/D. 

procedure. SAACP Step 4. Calculate the control, u u , based on 

The predicted states for position, x x; velocity, h; and „ Ym and precalculated value of the control, pre_resultB. 
bias, x 3 , are given by the following expressions: 35 ^ equation for the control, u„, is given by: 

x 14 _x 1+ biXS2+b2Xx3+-b3Xu+b 4 Xu^i+b 5 Xc u u ~CQXy m +pre-*esultB. 

x 2 *-3i2+b6XX3+b7Xu+b8Xu*_i+b9Xe where pre_resultB is a result of the pre-calculation 

60 based on the history of u and y m . Pre_resultB is either 
*3«-*3+b| 0 xe initialized or is available from the previous execution of 

this procedure. To reduce computational delay and 
where phase loss, the design equations are arranged to pre-cal- 

xi= predicted position, culate for the next sample so that only one multiplica- 

X2= predicted velocity, 65 tion and one addition are required to output to the 

X3=predicted bias, PWM 135. 

e is the estimator error defined above, SAACP Step 5. Limit the control, u„, to maximum 

u is the present control which has been limited, linear range of the PWM D/A convertor to generate 



04/14/2004, EAST Version: 1.4.1 



5,369,345 

17 18 

the limited control, u. Preferably, u u should be limited The velocity profile f(y e ) is a function of the present 
such that the product kg X undoes not exceed the maxi- head position and the desired head position and typi- 
mum linear range of the PWM D/A converter. cally has a low velocity region where the relationship 

SAACP Step 6. Adjust the limited control, u, by the between position and velocity is linear. The velocity 
plant gain adjustment factor, 1%, to compensate for van- 5 profile provides a smooth way to move to the desired 
ation in plant characteristics. track in a time-optimal or near time-optimal manner. A 

The adjusted control, u a , is given by the expression: velocity profile is conventionally stored in a RAM 

look-up table for its entire range including linear and 
u 0 =k g xu non-linear regions. 

10 In the present invention, the velocity profile is com- 
where k g is used to compensate for the fact that the puted, rather than retrieved from RAM 112, in the 
theoretical model has a different plant gain constant linear region low-velocity portion. It is computed at 
than the actual system. each sample by the microprocessor 114. This technique 

SAACP Step 7. Level shift the compensated gain, Ua, has three benefits over conventional look-up table 
and output it to the PWM for application to the actua- 15 methods: it results in a smoother velocity profile near 
tor. the transition between the seek mode and the track 

SAACP Step 8. Calculate the pre-resultB for the next following mode; it provides a more consistent entry 
sample. velocity to the track following mode; and provides 

The pre_resultB for next sample is given by the ex- improved position settling performance, 
pression: 20 The disc drive is operating in a seek mode when the 

head is moving from one track to a different trade The 
pre-TmkB=c ] y r gk)+cv^k~- i)+. . . ^ 0 p eratm g m a track following mode when it has 

-ZtkZ7\) ' ' moved to a particular track after executing a seek. Dur- 

ing a seek, when the selected head 106 is moved close to 
where the pre resultB is a function of the history of u 25 the target track, the system is switched to track follow- 
and y m , and n is the order of the transfer function. ing mode. This mode is generally present when the 

SAACP Step 9. Update the control value, u, by re- number of tracks to go, y 0 is less than one track. In the 
placing the previous control value, u*_i, with the pres- seek mode the velocity command f(y*), given by the 
ent control value in anticipation of the next control near time-optimal equations given m Digital Control of 
iteration- * 30 Dynamic Systems, Franklin, Powell, and Workman, 

Addison-Wesley (1990), herein incorporated by refer- 
u*_i«— u ence. 

In the track following mode, the velocity command is 
SAACP Step 10. Optionally perform error checking. replaced by the expression, 
SAACP Step 11. Optionally call the task scheduler. 35 
SAACP Step 12. Return to SAACP Step I on receipt iW-totf^ 
of the next servo interrupt. 

where r= desired target position. The velocity gain 
Seek Mode Control constant, fc, in the calculation of the control, u, in seek 

The control for seek mode may also be pre-calculated 40 mode, is replaced by the corresponding gain constant, 
based on the expression for control, u: fctf during track following mode, so that the control, u, 



is given by 



where v c is the velocity command. A value for v c can be 45 u " W \ 

obtained from a RAM look-up table using a qualified - -*icK*i - ') - k i^z - *3- 

measurement, or can be obtained based on the previous 

sample using the predicted estimate of position. Both X2 The subscript M tf in the above expressions, refers to 
and X3 and their associated products can be pre-cal- the track following mode. In the track following mode, 
culated based on the previous sample. The value v< can 50 the actuator current is normally very small compared to 
be looked up from a table one sample ahead by using the the seek mode actuator current. Under these conditions, 
predicted position estimate. the power amplifier gain, kpa, is reduced to a low-gain 

mode in order to improve the resolution of the applied 
Velocity Profile actuator current and therefore the track following accu- 

For the velocity loop, the function f(y*) is a velocity 55 racy. However, if the magnitude of the control, u, is 
profile stored in RAM or computed as needed, and its sufficiently large to saturate the power amplifier for the 
valufe is a function of the distance to go, y tf . The control, low-gain mode, then the high-gain mode can be 
u, calculated by microprocessor 114 is given by: switched back to allow higher capture current for one 

or more sample periods which increases the likelihood 
««**2l/0v)--*2j-*3 60 of capturing the desired track. The selection of high- 

gain or low-gain modes in track following mode is se- 
The estimated velocity, X2, is used, so that a velocity Jected based on the magnitude of the control, u, applied, 
measurement is not required. The velocity error which if u, is small, then a high gain may be applied, however, 
is the difference between the velocity command, f(y*), if u is large, then the low gain may be required to pre- 
and the estimated velocity, X2, is multiplied by the ve- $5 ven t nonlinearity and saturation. In this invention it is 
locity gain constant k2. A value equivalent to the esti- possible to switch from high-gain mode to low-gain 
mated bias, £3, is subtracted from the control to com- mode, or from low-gain mode to high-gain mode at any 
pensate for the actual bias applied to the plant. time. In one embodiment of the invention, the gain is 
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changed by a factor of approximately 5 to 1 between the y r « track following command input, in tracks; 

modes. f(y*) — X2= velocity error, in tracks/sample period. 

When switching from between seek and track follow Because of noise or defects on the magnetized disc 

modes or between track follow and seek modes, several surface, either or both of the Gray code and the PES 

steps are generally taken to avoid undesirable switching 5 signal may be erroneous at some times. Therefore, even 

transients. The two modes use different scale factors for though the head position is measured, a head position 

state variables (k«i for u, k^ for X2, and k,3 for X3), differ- estimate is also calculated by the estimator 201. This 

ent power amplifier gains (k^r/and kpaskX and different estimated value is used to filter the measurement noise; 

feedback gains, K. First, the state-space variables, X2, x 3 , to qualify the measurement; and to replace clearly erro- 

and u, must be rescaled to ensure a smooth transition of 10 neous measurements which may occasionally occur 

the actual physical state-space variables such as posi- because of noise or defects. 

tion, velocity and acceleration when the scale factors A position measurement is qualified by comparing the 

and power amplifier gain are changed. Second, the measured position with a predicted position estimate 

control, u, can be compensated for the discontinuity due and a tolerance value. If the measurement is such that it 

to different feedback gains. This control compensation 15 is outside the tolerance bounds of the predicted posi- 

can be accomplished by using a software flag to indicate tion, then the measurement will be discarded. The toler- 

that a compensation value should be added to the con- ance bound may be made larger for the next sector to 

trol. The compensation value is a function of the feed- prevent too many consecutive mismatches. If there are 

back gains and scale factors used in both seek and track too many consecutive mis-matches, a procedure may be 

following modes. A different compensation value is 20 implemented wherein the system will perform a recali- 

used for each mode. bration procedure and re-seek the target track. For 

The equations used for switching between the two example, if there are three consecutive mismatches, the 

modes are shown below: servo system recalibrates and re-seeks. In an embodi- 
ment of the invention, the measurement qualification 

ti^iyseatttf/yscalesdxikatf/kasdxxw 25 tolerance window is one track for track seek mode, J 

track for capture mode, and \ of a track width for track 

xitf^iksty/ktiitixfrad/k^xikpisk/kpa&xw following mode. Track capture mode occurs between 

the termination of seek mode, and prior to the beginning 

vt/^iksitf/kswdxikpask/kpatfxvsk of on-track mode; it is a transition mode. 

30 The predicted states x"i(k+ 1), X2(k-f 1), and X3(k+ 1), 

At the switch point from high gain to low gain, the at ^ increment k+1, are a function of the 

control can also be compensated for the discontinuity cur rent estimated states xi(k), i 2 (k), and x 3 (k), at time 

due to different feedback gains. This is done by using a sample increment k, the current control value, u=u*_ 

software flag to add a value of u^to the track follow- = u (k), and the last control value 1 =u(k- 1). The 

ing mode control. 35 inclusion of the last control value u*_i is to compensate 

for the computational delay between the time the mea- 

u^utj+ucomp surement is available and the time the control signal is 

. . * * . • t_, output Another use for the delay is to include addi- 

where Uccmp is the conversion of state space variables ^ hasfi , m ±e system unaccounted for in the 

and the control compensation when switching modes ^ estima ^ r mode \ ^ estimator model does not gener- 

will result in significant improvement for settling trme. ^ indude phase lags ^causc the estimator model 

Estimator and Controller Algorithm of the Track cannot be too complex due to limited micro-controller 

Following Mode U0 bandwidth. 

_ . .„ „ . ut . . . , The estimator model for computing the estimated 

FIG 13 is an iHustration which shows a block dia- 45 ^ - - ^ - m M QQ a ^ ^ model of 

gram of the digital servo control systemaccordmg to an fc ^ m plant consists of the A/D converter 108, 
embodiment of the present invention. The estimator 201 pw ^ D/A £ j^^j^ts^jMr power amplifier 
is a full-order estimator and estimates the states of the actuator 1Q4 head 105> dem odulator 102, head 
plant mcluding: the Potion of the selected head, i, the : mer m md the serv0 ^ logic 133 . A model 
velocity of the ^selected head, x:, and the bias x 3 , at the 5Q ^ ^ nt whjch includes a p]ant gam GQBStanL ^ is 
plant input 20Z The current estunated states *i, x 2> and ^j^Vdesign of thee stimator 201 Tne actual plant 
x 3 , are a function of the predicted states, x u x 2l and x 3 , . c^tgpb*^^ be different 
and the positwn measurement, y m . The measured posi- frornTET^n^istant, k p _ mmina i, because of modeling 
tion, y m , is a 32-bit number. It may be determmed using mQr Qf component tolerance, temperature, 
conventional methods or by the method disclosed 55 ftnd com ^ nent aging . A plant gain adjust- 
herein based on the Gray code value the digitized f J fc b d ^ med such ^ k,=k,Xk,_ wm ,w. 

PES . V £™y Kc tlT l °l MeaS ^ ^ maimer in which the actual plant gain'constant, 

ment Procedure (PHPMP) described elsewhere m this kjhG9ahe calibrated using a time-averaging technique, 

disclosure. and thus provide a means to adaptively change the 

The nomenclature ^used m the block diagram of FIG. ol F tQ compensate for this difference between 

13 for the signals and states is as follows: tne gain c 0nstants described subsequently. 

r= desired position, m tracks; reference to the FIG. 11 block diagram, there are 

xi=estimated position, in tracks; ai s0 shown a plant block, and an estimator block. The 

x 2 =estimated velocity, m tracks/sample penod; plant md estimator to which the methods of this inven- 

X3 - estimated bias, m amperes; 65 tion peTtain may be 0 f a conventional type. The general 

y«=r-xi=position error, in tracks to go; CQntrol Uw th apphed to the plant may also be 

f(y«)= velocity command, in tracks/sample penod; conventional. However, in order that the present inven- 

y m = position measurement, m tracks; - tion be more clearly understood, mathematical descrip- 
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tions for a plant, such as a head actuator servo system, The current estimator equations with bias but with- 

an estimator, and control law are described briefly be- out delay are given by: 
low. 

Plant Model 

The plant consists of the PWM gain, the PWM filter, " W+^x«iH*ixM»+toc*-i) 
the power amplifier, the actuator and head dynamics, 

the demodulator and the A/D converter and its normal- C = [1 0 01* 

king constant The plant gain is given by a function of ^predicted cst G f position, velocity, and bias; 

individual plant components In this embodiment, the x= current est. of position, velocity, and bias; 

plant gam constant is given by: L= estimator gain vector; 



*p- ifocX kpa XkfX r*iXtpiX KitmodX *«fcX- output: 

15 



X=time delay between measurement and control 
jutput; 

A«=exp [A«T! 



where 

k^ c =D/A gain in V/dac counter, 
kpo= power amplifier gain in A/V, 

k f = torque constant in N-m/A, r T - x 

r arf =head radius in inches, 20 *< l -J 0 

tp/= tracks per inch, 



kjemorf= demodulation gain in V/track, B f r 

k«fc=A/D gain in ADC count/V, 
k nomi =PES normalizing constant, and 



jr«total inertia in kilogram-m 2 . 25 Both x a^d x are outputs of the same estimator sys~ 

A model for the continuous plant in an observer ca- tem The estimator roots are given by the characteristic 
nonical form is shown in FIG. 14 where k$i, k*2, and k s i equation: 
are scale factors, and U is the sampling period. The 

digital servo block diagram is shown in FIG. 15. ^ ^x^xc^o 

Estimator Model where I is the identity matrix, and the gain vector can 

To reduce the number of computations, the estimator be found using Ackermann's formula: 
model assumes a double integrator plant with bias and 

delay. A double integrator plant model is suitable for a L'«Ackermann(Ae\ A/xC e ', 

disc drive head actuator because of low viscous and 35 

coulomb friction, except for the PWM filter and power where z* is the vector of the estimator poles which are 
amplifier phase characteristics. The effect of phase loss the roots of the above estimator characteristic equation, 
due to the PWM filter and the power amp is approxi- Control Law 

mated in the estimator by an additional 70 microseconds 

of delay for a double integrator plant. The derivation of 40 Both seek and track following modes can be repre- 
the estimator equations is shown below initially for a sented by the servo block diagram of FIG. 13. The seek 
continuous system without bias and then augmented for mode uses me Proximate Time-Optimal Servomecha- 
a system with bias. nism (PTOS) equations which are conventional and can 

For a continuous plant with no bias, the estimator be found in standard texts, 
equations may be derived as follows: 45 For mode operation outside the linear region, 

y>y itnean the velocity command is given by: 

^c-P 1/(^2 Jty^sgfityjKAXmXki/kfixab&d-m/kti 
0 0 1 

50 where, 

B e = [0 faxkpx t/k s \]' sgn(y tf )=signum function of y e , 

abs(y e ) =absolute value of y^, 

° € ~ l 1 °1 kj= control gain for position; and 

, _ . , k2= control gain for velocity. 

The equations may be augmented for a system with 55 For S££k mode operatioil wit hin the linear region, 

tias y<> 'linear* the equation for ffy*) is: 

where ka is a scale factor for the bias such that: ^ w jj e re t 

kijA=control gain for position during seek, and 
A„ « [A c Bc/k&\ k2j*=»control gain for velocity during seek. 

During track following, the function i(y e ) is replaced 
by: 



0 0] 
c« « [C e 0] 



where, 
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kujcontrol gain for position during track follow; and -continued 
k2//control gain for velocity during track follow. s t - [ b p xkxl k\XB p B^ 
The linear model will be used to study time and fre- 
quency responses of. the servo system. The linear con- —Mx(A e -B e \xK)xL k\ x m x B e \ zeros(3,i)]; 
trol law is given by: 5 Q-p 

«<*)«- JCXx{k)+kiX*k) Ds = zerosd.3) 

wherc where zeros(re, n) is a zero vector of dimension m by n. 

K=rk k i/kl 10 The system poles can be found by solving the charac- 

teristic equation: 

and where kiand k2 are state feedback gains, and k3 is det(z l-AJ=*Q. 

the scale factor for the estimated bias. " 

The dual control loop design is used to allow individ. l5 The closeoMoop frequency response and the step 

ual optimization of the control gain vector, K, and esti- response due to ^ of ^ three inputs y n r or w can be 

mator gam vector, L for each loop Thus, the velocity found ^ standard mathematical techniques or CAD 

and position control loops can be designed and opto- routines 

mized separately without affecting the other loop. In ^ opeil . loop function, -YGw)/Y m (jw), 
the seek mode, the performance which is primarily 2Q can be f oun d by letting 
characterized by the access time which is determined by 
the closed-loop response from the reference input (tar- r = w =0 
get command), r. On the other hand, in the track fol- 
lowing mode, the performance is dominated by the and rewriting the system equation to be of the following 
closed-loop response from the track following com- 2 $ form: 
mand input (or measurement noise response), y r In both 

modes, the estimated bias, X3, is subtracted from the i)=^oiX^i(*)+£ 0 iXtt 0 i(*) 
control, u, to remove the effect of all bias components 

imposing on the system. yo\(k)=c 0 \xx 0 \(k) 

In an embodiment of the invention, the acceleration 30 

discount factor, alpha, is selected to be 0.741, and the where: 

saturation maximum value, m-noscale, is selected to be ^ = ^ 

85, for good deceleration current margin. U 0 i = y m 

The system operates in seek mode until the distance v cl — — Y 

to go is less than y linear It operates in the linear region 35 ^—^Tun * 

where the velocity command is no longer looked up in *W ™ ~ r» h 

RAM, but calculated on-line using position resolution *' , , - * . « 

of equivalent to that of the A/D. When the number of JjM) denotes * e x f columri^of me imatm 

tracks to go is less than one track, then the servo 111(5 error transfer Action Y m (jw)/Y,0w) and the 

switches to capture mode. When the settle criteria is 40 error st A e P **P on f . « ■*> be calculated by letting 

met, capture is completed and data read/write opera- ' - w =° rewntm S s y stem e <* uatlon 10 be w the 

tions are enabled. torm ' 

Closed-Loop System for the Plant and Estimator Xe^k+D^AcrrXXtniQ+BerrXuenik) 

By matrix manipulation, t;he complete closed-loop 45 ^ m <*)=c^xJi'^)+^xu €n <*) 
system for the 6th-order plant and the 3rd-order estima- 
tor shown above can be described by the 9th-order where 
three-input single-output state-space system equations: Xen—Xs 

A.grr— A$ 

XXfc+i)=^x*,(*)+i*,x«A*) 50 Z err= B£A) 

Utfrr=y r 
yerr=ym 

where C^=C, 

d err = — 1. 

x s - [X(kyz(ky\ Plant Gain Constant Identification Method 

The method for calculating the plant gain adjustment 

Z(A) = Mk) - L x y m (k) factor, k g , involves modulating or equivalently multipli- 

= x(k) — Lx CpX X(k) + Lx yffl cation of digital signal values. It is well suited for micro- 

60 processor implementation. FIG. 16 is an illustration 

V£k) «= \yAk)r{k)w(k)y which shows a block diagram of the system during a 

calibration. 

The purpose of the calibration algorithm is to identify 

A* = [A p - B p x K x L x C p -Bp x K; the plant transfer function, H, and based on this, calcu- 

65 late a plant gain adjustment factor, kg. The calculated 

MxWc-B el xK)xLxc P + MxBe2XC w p]flnt ^ ad j ustment factorj & then be used to per- 

Mx(A e - B ei x K)}; fonn on-line adjustments to compensate for the varia- 



y&)=c,xxm+OsXuM 



yAk)=yik) 
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tion in the plant gain. The calibration is performed plied results and keep only the desired coherent infor- 

whenever necessary, and may be done whenever the mation needed for compensation: 
disc drive is in track following mode and idle, during a 

power-on reset, during a rezero procedure (seek to uj=FLp{u c xui)~A\A2ca&{p\)/i 
reference track 0), whenever the servo encounters an 5 

error, or during recalibration. The variation in the plant yf=H P iym x u^-a m 3 cosfo)/2 
gain constant, kp, can be caused by a change in any one 

or more of the following Parameters: the D/A con- where Ftp represents the low-pass filter operation on 

verier or PWM converter gain, PWM low-pass filter the signal. Significantly, even if the system has a low 

gain, power amplifier transconductance gain, torque io frequency bias, the low-frequency or DC component in 

constant, actuator inertia, head radius, track pitch, sam- Uc is removed by the process of modulation and low- 

pling period, demodulator gain, and A/D converter pass filtering. 

gain among others. AOCP Step 4. Calculate the ratio of the two low-pass 

FIG. 16 is an illustration which shows a flow diagram filter outputs: 
of the Adaptive On-line Calibration Procedure 15 
(AOCP). The calibration algorithm is comprised of five 

steps which are described below. Q = ^^2) x [costaVcosfa)] 

AOCP Step 1. Seek to the center of a zone of tracks « W^i) x [cosfo - p\) - tanfo) x sinfo - p0] 
to be calibrated, assuming a unity plant gain adjustment 

factor, k g = I. For a given head, the disc can be consid- 20 The signal y/is the output of the plant, while the signal 

ered a single zone or can be divided into several zones U yi s the input to the plant. Therefore, the ratio of y//u/, 

for the purpose of plant gain calibration. For example, represents the plant gain. From the above expression, it 

actuator torque constant is a parameter which may vary ^1 ^ observed that the plant gain. | H(jw„) | , at the 

as a function of track location. frequency w,. is proportional to the ratio of the filter out- 

AOCP Step 2. At every servo sample while track 25 puXSf Q. If the output and input of the plant are in phase, 

following, a sampled single-frequency sinusoid, u* at a p2=p\ and, 
frequency w, is added to the control, u, as shown in the 
block diagram of FIG. 16. Either the signal u or Uc of 

FIG. 16 can be sent to the estimator. However, using u Q = {Ai/A%) x [1 - tanfa) x sin(p)] 

for the estimator will excite the estimator error. The 30 _ ^/a$ 
resulting value, u* is then multiplied with the sampled 

sinusoid, u,. The measurement for this sample, y^is w ^ Q * a maximum positive number, 
also multiplied with the same sampled sinusoid, u* The tf ^ ^ m m { w d out of phase> 
sampled value of the single-frequency sinusoid may then n — n =5 180 and 
generally be stored in a look-up table memory. The 35 P2 P1 ' 
multiplication in the time domain corresponds to modu- 
lation in frequency domain and therefore results in a q = {Ai/Atf x [coste - pi) - tm{p\) x smipz - pi)l 
zero or DC frequency component as well as undesirable = . tanCp,) x sin(i80)] 
high-frequency components. The mathematical equa- 
tions in the time domain for the signals described are: ^ = - A i' A 2 

uj=A\xsm(w*T) so that Q is a minimum negative number. 

With this algorithm, a very sharp cut-off low-pass 

u c =Aixw{wkT+p\)+dc\+noise filter is not required. If a very low bandwidth or a very 

. . f t f \ • j ac sharp cut-off filter characteristic were required, the 

y^AiXvnivkT+pl+dcj+noise 45 ^ to mea$ure tfae plant gain would be m . 

i/,XK C =(^i^2y2x[cos(pi)~cos(2^r+p I )]+^ creased. 
M*k7) To improve the accuracy of the plant gain measure- 

ment, y OT » a few cycles of the sine wave should preferen- 

u s xy m =(AiAi)nx[cos(p2)-co^2wkT+pi))-{-As. 5o tially be bypassed before sampling in order to allow for 

8 "* w * 7 ^ the transients of the filter outputs to dissipate. Further- 

wheredcjanddc^arethelow-frequencyorDCcompo- more ' 1 fllter outputs can be processed over one or 
nents of the signals, Pl is the phase associated with the severaJ ^ wav f sucl J as by averaging to aver- 

product u, X u*p2 is the phase associated with the prod- out "PP 1 ** * e out P uts y*ldmg a morc P rec * e 

act u s X y m> and Ai through A 5 are constants. The noise 55 me f^^ nt °f ^ e P 1 ** 1 ' ^ , . iTTl u . , 
term is contributed by components such as A/D quanti- AOCP Step 5. Knowing the plant gam, | H|, the plant 
zation noise, track run-out and track mis-registration. adjustment factor, kg, can be calculated and then 

The noise effect can be practically eliminated by proper applied to the plant to compensate for the plant gain 
selection of the test frequency and the bandwidth and change from the nominal In other words, the product of 
order of the low-pass filter. 60 ^ and the plant gam, | H | , will be equal to the modeled 

AOCP Step 3. Apply the multiplied result u^Xucto a (theoretical) plant gain, | IU, | , used by estimator, 
digital low-pass filter 310 and the ; multiplied result Resonance Freque ncy Determination and Cancellation 
UfXy m to a digital low-pass filter 311 so that the DC n Procedure 

components dci and dc2 components of the modulation a Ji '" wai 

results are retained at the outputs of the filters 310, 311. 65 The plant phase, in addition to the plant gain, can also 
The digital low-pass filters can be any of numerous be measured in conjunction with this technique by 
types such as an integrator or a Butterworth type. This phase shifting. For example, the plant input, u* may be 
will remove the high frequency noise from the multi- phase shifted (Le. pi+Api is the phase of u*and Uc) in 
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such a way that Q=0. Under this condition the phase, 
pi, can be determined from pi =90— Api. Next the mea- 
surement, y m , may be phase shifted (i.e. P2+Ap2 is the 
new phase between Uc and y m ) in such a way that 
1/Q =0. Under this condition, the phase pz can be deter- 5 
mined from p2=90— Ap2- Thus the plant phase, which 
is the difference p2— pi, can be determined. 

The plant gain and phase measurement techniques of 
the present invention can be used to measure the plant 
tr ansfer function at any frequency. Furthermore, if the 10 
sampling rate is high enough to sample the resonance, 
the actual resonance frequency of the system can be 
measured by varying the sinusoid frequency in discrete 
increments over the frequency range of interest until 
the plant gain is maximum. The frequency at which the 15 
plant gain is maximized is the resonance frequency. A 
system may have one or more resonances, in which case 
the plant gain may have more than one local maxima. 
Once the resonance frequency is identified using this 
technique, a filter such as an adaptive on-line digital 20 
notch filter, can then be used to cancel out the effect of 
the resonance. The digital notch filter can be synthe- 
sized either via a look-up table or with coefficients 
being a function of the resonance frequency. 

In one embodiment of the present invention, the code 25 
to do calibration is stored in read only memory (ROM) 
and in random access memory (RAM). In that embodi- 
ment, ROM calibration consists of measuring the A/D 
offset, the D/A offset, and the power amplifier offset in 
both high and low gain modes. RAM calibration con- 30 
sists of measuring the demodulator offset, measuring the 
plant gain in track following mode using the time aver- 
aging technique. 

In the preferred embodiment each of the methods of 
this invention are implemented concurrently, including 35 
the Adaptive Control Procedure (ACP). However, 
other embodiments may implement a subset of these 
techniques, or may implement these techniques in con- 
junction with other control or measurement methodol- 
ogies. 40 

An advantage of this adaptive. method is that it does 
not require or assume a low bias system. Since the DC 
components of the plant input and output are removed 
by filtering the modulation results, the effect of the 
system bias is also removed. 45 

Another advantage of the identification technique 
described in this invention is that it is independent of the 
control and estimator algorithms. The identification 
procedure will work with a number of controller/ es- 
timator schemes such as reduced-order estimator, pre- 50 
diction estimator, current estimator, multi-rate control, 
PID control, and classical control methods. 

Another advantage is that the adaptive control sys- 
tem, according to the present invention, can also gener- 
ate an adjustment factor for each of the heads. The 55 
adjustment factors can be read via the interface bus as 
well as stored away in a data base, This is a very useful 
diagnostic tool for manufacturing testing. The data base 
can be used to keep track of drive variations, maintain 
quality control, and prevent production problems. The 60 
technique can also be used as a tool to measure changes 
in actuator's torque constant across the disc, and there- 
fore on-line compensation for these changes if neces- 
sary. 

What is claimed is: 65 
1. In a continuous analog signal control system for a 
magnetic disc storage device comprising an electrome- 
chanical actuator responsive to a command signal, at 



least one magnetizable rotating disc having disc track 
position data encoded magnetically thereupon, at least 
one transducer proximate said rotating disc surface for 
sensing said magnetic positional data, said transducer 
being mechanically linked to said actuator and generat- 
ing a signal related to a measured position y m in re- 
sponse to said sensed magnetic positional data, and a 
control system comprising an estimator; 

a method of adaptively calibrating a plant gain for 
regions of said disc and for each of said transduc- 
ers, by determining a plant gain adjustment factor, 
said method comprising the steps of: 

commanding said actuator to a position r with a con- 
trol signal u; 

generating a single-frequency sinusoid signal u*; 

injecting said single-frequency sinusoid signal u s to 
said control system so that said single-frequency 
sinusoid is added to said control signal; 

combining said control signal u and said single-fre- 
quency sinusoidal signal u, to generate a corrected 
control signal u<£ 

multiplying said control signal and said added sinus- 
oid signal by said sinusoid signal to generate a first 
product signal; 

measuring a position of said transducer y m ; 

multiplying said measured transducer position by said 
sinusoid value to generate a second product signal; 

low-pass filtering said first product signal to generate 
a first filtered signal; 

low-pass filtering said second product signal to gener- 
ate a second filtered signal; 

dividing said second filtered signal by said first fil- 
tered signal to generate an identification ratio Q 
proportional to the measured plant gain; 

determining a new calibrated plant gain adjustment 
factor kg, said factor being an inverse function of 
said identification ratio Q; 

replacing a previous plant gain adjustment factor by 
said new calibrated plant gain adjustment factor; 

multiplying said control signal Uc by said new cali- 
brated plant gain adjustment factor kg to obtain an 
adjusted control signal u s ; 

wherein said control system automatically compen- 
sates for plant bias forces and forxhanges in effec- 
tive plant gain. 

2. The method as in claim 1, wherein said step of 
determining said new calibrated plant gain adjustment 
factor comprises dividing said identification ratio Q by 
a nominal identification ratio Qnominat to determine said 
new calibrated plant gain adjustment factor k^. 

3. The method as in claim 1, wherein said single-fre- 
quency sinusoid is added directly to said control signal 
u at a control node. 

4. The method as in claim 1, wherein said single fre- 
quency sinusoid is of the form u,= Aisin(wt). 

5. The method as in claim 1, wherein said method 
includes measuring the plant phase by phase shifting, 
said phase shifting comprising the steps of: 

phase shifting said plant control signal U* by a first 
phase shift Api so that said identification ratio Q is 
zero; 

phase shifting said transducer position y m by a second 
phase shift Ap2 so that the reciprocal of said identi- 
fication ratio 1/Q is zero; 

computing said plant phase from the difference of 
said first and second phase shifts. 
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6. The method of claim 1, wherein said method addi- 
tionally comprises performing ROM and RAM calibra- 
tion, said calibration comprising the steps of: 

measuring the A/D offset in high and low gain 

modes; 5 
measuring the power amplifier offset in both high and 

low gain modes; 
measuring the demodulator offset; 
measuring the plant gain in track following mode 

using a time averaging technique; and 10 
compensating each of the theoretical values used in 

said estimator by said measured values; 
whereby the accuracy of said plant gain is improved. 

7. The method of claim 5, wherein said method of 
adaptively calibrating a plant gain includes a method of 15 
measuring a plant resonance frequency, said method of 
measuring a plant resonance frequency comprising: 

varying the frequency of said single-frequency sinus- 
oid over a frequency range; and 

sampling said plant gain as said frequency is varied at 20 
a sampling rate sufficient to detect said resonance 
frequency. 

8. The method of claim 7, wherein said method addi- 
tionally comprises canceling the effect of a resonance 
frequency, wherein said method of canceling said reso- 25 
nance effects comprises filtering said resonance fre- 
quency. 

9. The method of claim 8, wherein said step of filter- 
ing said resonance frequency comprises filtering said 
resonance frequency using an adaptive notch filter. 30 

10. The method of claim 9, wherein said notch filter 
is a digital filter notch filter. 

11. The method as in claim 10, wherein said digital 
notch filter is implemented in a look-up table. 

12. The method as in claim 10, wherein said digital 35 
filter is a function of said resonance frequency. 

13. In a control system for a magnetic disc storage 
device comprising an electromechanical actuator re- 
sponsive to a command signal, at least one magnetizable 
rotating disc having disc track position data encoded 
magnetically thereupon, at least one transducer proxi- 
mate said rotating disc surface for sensing said magnetic 
positional data, said transducer being mechanically 
linked to said actuator and generating a signal related to 
a measured position y m in response to said sensed mag- 
netic positional data, a control system comprising an 
estimator, a circuit for detecting pulse signals encoding 
coarse position information as current track number 
Ten and demodulating an analog signal to obtain a posi- 
tion error signal related to the fine relative position of 
said transducer with respect to the center of said track, 
said system providing said current track number T CB , 
and said position error signal; 

a method of linearizing the positioning of said trans- 
ducer over a seek length spanning a plurality of 5 
tracks, said method comprising: 

generating a precision linear position output value y m 
over said seek length by combining said current 
track number To> value, and said position error 
signal value. 

14. The method of claim 13, wherein said generating 
a precision linear position output value y m , from said 
current track number T cn , and said position error signal 
value is according to the relations, 



40 
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for To, an even number, and 



30 

for Ten an odd number, where n is said A/D convertor 
word bit length, k norm is a multiplicative range normal- 
izing constant, PES is the digitized PES value, T en is the 
current track number, and AD mF is the mid-point value 
of the digital output of the A/D converter. 

15. The method as in claim 14, wherein said current 
track number is encoded using a modulo-74 Grey code. 

16. In a control system for a magnetic disc storage 
device comprising an electromechanical actuator re- 
sponsive to a command signal, at least one magnetizable 
rotating disc having disc track position data encoded 
magnetically thereupon, at least one transducer proxi- 
mate said rotating disc surface for sensing said magnetic 
positional data, said transducer being mechanically 
linked to said actuator and generating a signal related to 
a measured position y m in response to said sensed mag- 
netic positional data, and a control system comprising 
an estimator; 

a method for maintaining said transducer in a cen- 
tered position relative to said track, said method 
comprising the steps of: 

reading servo data from said disc; 

calculating a position of said transducer from said 
servo position data; 

calculating a predicted position, velocity, and bias, 
from previous predicted position, velocity, bias, 
and control values, and current control value; 

generating a control value based on said predicted 
position, velocity, and bias values; 

limiting said control value to a Predetermined maxi- 
mum value; 

multiplying said control value by a plant gain adjust- 
ment factor k g to generate a compensated control 
value; 

shifting the level of said compensated control value 
to a Predeterrnined range; 

generating a compensated control signal in response 
to said compensated control value; 

applying said control signal to an amplifier to drive 
said actuator; 

calculating an estimator error e between said mea- 
sured transducer position y m and said Predicted 
transducer position; 

pre-calculating new predicted states for position, 
velocity, and bias, based on said previous predicted 
position, velocity, and bias, said estimator error, 
and said current and previous control values; 

updating said control value by replacing the previous 
control value with the present control value; 

repeating said method for each actuator servo inter- 
rupt 

17. The method in claim 16, wherein said step of 
generating a control value based on said Predicted posi- 
tion, velocity, and bias values is accomplished accord- 
ing to the relation u=aiXym+ pre -result, where 
ai = -K L, pre_jesult=(KXLxC f -K)Xx+ 
K(l)Xr, K=control gain, L= estimator gain, and Q is 
the output vector that translates the estimated state to 
the measurement 

18. The method in claim 16, wherein said step of 
calculating new predicted states is accomplished ac- 
cording to the relations, 



04/14/2004, EAST Version: 1.4.1 



31 



5,369,345 



32 



10 



15 



20 



25 



30 



jQ=J2+*6X5rj+*7Xi/+68Xu*-i+J>9X«; and 

where xi= predicted position, X2= predicted velocity, 
X3=predicted bias, e is the estimator error defined 
above, u is the present control, u*_i is the previous 
control, bi=A«(U), b2=A«(l,3), b 3 =B*i(l), 
b 4 =B<2(l), b 5 =IXl)+A,(l,2)XL(2)+A*<l,3)XL(3), 
b«=A<<2,3), b7=Bei(l), b 8 «B, 2 (2), D9=L(2)+A- 
K2,3)XL{3),andbio=L(3). 

19. The method of claim 17, wherein said method 
additionally comprises the step of pre-calculating said 
pre _result value after said step of updating said control 
value so that said pre. result value is available for a 
subsequent execution of said method. 

20. The method of claim 16, wherein said method 
additionally comprises the step of error checking. 

21. In a control system for a magnetic disc storage 
device comprising an electromechanical actuator re- 
sponsive to a command signal, at least one magnetizable 
rotating disc having disc track position data encoded 
magnetically thereupon, at least one transducer proxi- 
mate said rotating disc surface for sensing said magnetic 
positional data, said transducer being mechanically 
linked to said actuator and generating a signal related to 
a measured position y m in response to said sensed mag- 
netic positional data, and a control system comprising 
an estimator; 

a method for maintaining said transducer in a cen- 
tered position relative to said track, said method 
comprising the steps of: 

reading servo data from said disc; 

calculating a position of said transducer from said 
servo position data; 

calculating the estimator error e, according to the 
relations e=y m — C e Xx=y m — xj, where 
xi= predicted position, X2= predicted velocity, and 
X3= predicted bias. 

calculating a predicted position, velocity, and bias, 40 
from previous predicted position, velocity, bias, 
and control values, and current control value; 

generating a control value based on said predicted 
position, velocity, and bias values; 

limiting said control value to a predetermined maxi 
mum value; 

multiplying said control value by a plant gain adjust- 
ment factor kg to generate a compensated control 
value; 

shifting the level of said compensated control value 50 
to a predetermined range; 

generating a compensated control signal in response 
to said compensated control value; 

applying said control signal to an amplifier to drive 
said actuator; 

pre-calculating new predicted states for position, 
velocity, and bias, based on said previous predicted 
position, velocity, and bias, said estimator error, 
and said current and previous control values; 

updating said control value by replacing the previous 60 
control value with the present control value; 

repeating said method for each actuator servo inter- 
rupt. 

22. The method in claim 21, wherein said step of 
generating a control value based on said predicted posi- 65 
tion, velocity, and bias values is accomplished accord- 
ing to the relation u=aiXe+pre_resultA, where 



ai = -KL, pre—result A=-K(l)X(xi-r)- K(2)X2- 
(l/K«) XX3, and k*j=a scale factor for the bias estimate. 

23. The method in claim 21, wherein said step of 
calculating new predicted states is accomplished ac- 
cording to the relations, 

4 XtfA-]+A 3 Xft 
X2=32+66X3c3+*7Xtf+A 8 X«/t-i+*9Xftand 



3c3=3c3+fr!0Xft 



where xi= predicted position, x*2= predicted velocity, 
X3= predicted bias, e is the estimator error defined 
above, u is the present control, ua_j is the previous 
control, bi=A«(l,2), b 2 =A € (l,3), b 3 =B„(l), 
b4=B e2 (l), b 5 =Ul)+A £ (l,2)xL(2)+A tf (l,3)xL(3), 
b 6 =Ae(2,3), b7=B e i(l), b 8 =B e2 (2), b 9 =L(2)+A- 
X2,3)XL(3),andbio=L(3). 

24. The method of claim 22, wherein said method 
additionally comprises the step of pre-calculating said 
pre_resultA value after said step of updating said con- 
trol value so that said pre_resultA value is available for 
a subsequent execution of said method. 

25. The method of claim 15, wherein said method 
additionally comprises the step of error checking. 

26. In a control system for a magnetic disc storage 
device comprising an electromechanical actuator re- 
sponsive to a command signal, at least one magnetizable 
rotating disc having disc track position data encoded 
magnetically thereupon, at least one transducer proxi- 
mate said rotating disc surface for sensing said magnetic 
positional data, said transducer being mechanically 

35 linked to said actuator and generating a signal related to 
a measured position y m in response to said sensed mag- 
netic positional data, and a control system; 
a method for maintaining said transducer in a cen- 
tered position relative to said track, said method 
comprising the steps of: 
reading servo data from said disc; 
calculating a position of said transducer from said 

servo position data; 
generating a control value based on a transfer func- 
tion depending on at least one prior transducer 
position ym and control value u; 
limiting said control value to a predetermined maxi- 
mum value; 

multiplying said limited control value by a plant gain 
adjustment factor k g to generate a compensated 
control value; 
shifting the level of said compensated control value 

to a predetermined range; 
generating a compensated control signal in response 

to said compensated control value; 
applying said control signal to an amplifier to drive 

said actuator; 
updating said control value by replacing the previous 

control value with the present control value; 
repeating said method for each actuator servo inter- 
rupt. 

27. The method in claim 26, wherein said step of 
generating a control value based on a transfer function 
depending on at least one prior transducer position ym 
and control value u, is in accordance with the relation 

a *=coXy m +pn -results, 
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where pre-resultB is of the general form 

pr*-resultB~c\y m {k)+ciy„Ak- 1)+. . . 
+c„y m (k-n+\)-drtk)-d2u(k-\)-. • • 

28. The method of claim 27, wherein said method 
additionally comprises the step of pre-calculating said 
pre-resultB value after said step of updating said con- 
trol value so that said pre-resultB value is available for 
a subsequent execution of said method. 

29. The method of claim 26, wherein said method 
additionally comprises the step of error checking. 

30. In a control system for a magnetic disc storage 
device comprising an electromechanical actuator re- 
sponsive to a command signal, at least one magnetizable 
rotating disc having disc track position data encoded 
magnetically thereupon, at least one transducer proxi- 
mate said rotating disc surface for sensing said magnetic 
positional data, said transducer being mechanically 20 
linked to said actuator and generating a signal related to 
a measured position y m in response to said sensed mag- 
netic positional data, and a control system; 

a method for switching among a plurality of amplifier 
gain modes, said method for switching comprising 25 
the steps of: 

deter minin g a control value that will drive said actua- 
tor to a commanded position; 

switching said gain mode in response to the magni- 
tude of the control value applied; 

adjusting said control system in response to said se- 
lected gain mode. 

31. The method of claim 30, wherein said adjusting 
comprises altering control system scale factors for each 
state variable characterizing said control system, said 35 
actuator amplifier gains, and said feedback gams in 
response to said selected amplifier gain mode. 

32. The method in claim 30, wherein said plurality of 
actuator drive modes consists of a high-gain mode and 
a low-gain mode. 40 

33. The method in claim 32, wherein said actuator 
velocity command has the form 
f(y«)=0cif//k2{/)X(r-xi), in said low-gain mode. 

34. The method of claim 31, wherein said step of 
adjusting said control system scale factors for each state 45 
variable characterizing said control system, said actua- 
tor drive power amplifier gains, and said feedback gains 
in response to said selected drive mode is according to 
the relationships 
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35. The method of claim 30, wherein said method 
additionally comprises the step of adding a compensa- 
tion value to said control for compensating said control 
for feedback gain discontinuity, said compensation $q 
value is being dependent on said drive mode, said feed- 
back gains, and said scale factors. 

36. The method of claim 34, wherein said method 
additionally comprises the step of adding a compensa- 
tion value to said control for compensating said control 55 
for feedback gain discontinuity, said compensation 
value is being dependent on said drive mode, said feed- 
back gains, and said scale factors. 



37. In a control system for a system having an electro- 
mechanical actuator responsive to a command signal, at 
least one position sensor for sensing actuator positional 
data, said position sensor being mechanically linked to 
said actuator and generating a signal related to a mea- 
sured position y m in response to said sensed positional 
data, and a control system comprising an estimator; 

a method of adaptively calibrating a plant gain for 
regions of said actuator movement and for each of 
said position sensors, by determining a plant gain 
adjustment factor, said method comprising the 
steps of: 

commanding said actuator to a position r with a con- 
trol signal u; 
generating a single-frequency sinusoid signal u 5 ; 
injecting said single-frequency sinusoid signal u 4 to 
said control system so that said single-frequency 
sinusoid is added to said control signal; 
multiplying said control signal and said added sinus- 
oid signal by said sinusoid signal to generate a first 
product signal; 
measuring a position of said actuator y m based on said 

position sensor; 
multiplying said measured transducer position by said 
sinusoid value to generate a second product signal; 
low-pass filtering said first product signal to generate 

a first filtered signal; 
low-pass filtering said second product signal to gener- 
ate a second filtered signal; 
dividing said second filtered signal by said first fil- 
tered signal to generate an identification ratio Q 
proportional to the measured plant gain; 
dividing said identification ratio Q by a nominal iden- 
tification ratio Qnominai to determine a new cali- 
brated plant gain adjustment factor k s ; 
replacing a previous plant gain adjustment factor by 

said new calibrated plant gain adjustment factor; 
multiplying said control signal u by said new cali- 
brated plant gain adjustment factor kg to obtain a 
compensated control signal Ua; 
whereby said control system is able to automatically 
compensate for plant bias forces as well as adapt to 
changes in effective plant gain. 

38. The method as in claim 37, wherein said single- 
frequency sinusoid is added directly to said control 
signal u at a control node. 

39. The method as in claim 37, wherein said control 
system is a sampled-data control system, and each of 

50 said signals is a sampled data signal. 

40. A rotating disc storage apparatus having data 
stored in tracks thereon, said device comprising: 

means for transducing said stored data into a data 
signal; 

an electro-mechanical actuator movable in response 
to a control signal, said actuator being mechani- 
cally linked to said mpans for transducing so that 
said means for transducing is moved from one of 
said plurality of tracks to another of said plurality 
of tracks in response to said control signal; 
means for controlling said actuator, said means for 
controlling generating said control signal which 
characteristics depend on an adjustable plant gain; 
means for estimating an actuator position, a actuator 
velocity, and an actuator bias from a measured 
transducer position and a control signal; 
means for generating a sum signal from an addition of 
a single-frequency sinusoid to said control signal; 
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means for modulating said sum signal with said sin- 
gle-frequency sinusoid to generate a modulated 
control signal; 

means for modulating said measured transducer posi- 
tion with said single-frequency sinusoid to generate 5 
a modulated position signal; 

a low-pass filter for extracting low-frequency compo- 
nents of said modulated control and said modulated 
position signals; 

means for comparing a ratio of said low-pass filtered 10 
modulated control signal to said low-pass filtered 
modulated position signal to generate a plant gain 
adjustment factor; 

means for adjusting a gain characteristic of said 
means for estimating and said means for controlling 
in response to said plant gain adjustment factor. 

41. A system having an electro-mechanical assembly 
movable between a plurality of positions in response to 

a control signal, said system comprising: jo 

means for measuring said assembly position; 

means for controlling said assembly, said means for 
controlling generating said control signal having 
characteristics depend on an on-line adjustable 
plant gain; 25 

means for estimating an assembly position, an assem- 
bly velocity, and an assembly bias from said mea- 
sured assembly position and said control signal; 

means for generating a sum signal from an addition of 
a single-frequency sinusoid to said control signal; 30 

means for modulating said sum signal with said sin- 
gle-frequency sinusoid to generate a modulated 
control signal; 

means for modulating said measured actuator posi- 
tion with said single-frequency sinusoid to generate 35 
a modulated position signal; 

a low-pass filter for extracting low-frequency compo- 
nents of said modulated control and said modulated 
position signals; 

means for comparing a ratio of said low-pass filtered 40 
modulated control signal to said low-pass filtered 
modulated position signal to generate a plant gain 
adjustment factor; 

means for adjusting a gain characteristic of said 
means for controlling in response to said plant gain 45 
adjustment factor. 

42. In a sampled-data control system for a magnetic 
disc storage device comprising an electromechanical 
actuator responsive to a command signal, at least one 
magnetizable rotating disc having disc track position 
data encoded magnetically thereupon, at least one trans- 
ducer proximate said rotating disc surface for sensing 
said magnetic positional data, said transducer being 
mechanically linked to said actuator and generating a 55 
signal related to a measured position y m in response to 
said sensed magnetic positional data, and a control sys- 
tem comprising an estimator; 

a method of adaptively calibrating a plant gain for 
regions of said disc and for each of said transduc- g) 
ers, by determining a plant gain adjustment factor, 
said method comprising the steps of: 

commanding said actuator to a position r with a con- 
trol signal u; 

generating a single-frequency sinusoid signal Uj; 65 
injecting said single-frequency sinusoid signal u* to 
said control system so that said single-frequency 
sinusoid is added to said control signal; 
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combining said control signal u and said single-fre- 
quency sinusoidal signal u s to generate a corrected 
control signal u € ; 

multiplying said control signal and said added sinus- 
oid, signal by said sinusoid signal to generate a first 
product signal; 

measuring a position of said transducer y m ; 

multiplying said measured transducer position by said 
sinusoid value to generate a second product signal; 

low-pass filtering said first product signal to generate 
a first filtered signal; 

low-pass filtering said second product signal to gener- 
ate a second filtered signal; 

dividing said second filtered signal by said first fil- 
tered signal to generate an identification ratio Q 
proportional to the measured plant gain; 

determining a new calibrated plant gain adjustment 
factor k g , said factor being an inverse function of 
said identification ratio Q; 

replacing a previous plant gain adjustment factor by 
said new calibrated plant gain adjustment factor; 

multiplying said control signal u by said new cali- 
brated plant gain adjustment factor kj to obtain an 
adjusted control signal u s ; 

wherein each of said signals is a sampled data signal; 

wherein said control system automatically compen- 
sates for plant bias forces and for changes in effec- 
tive plant gain. 

43. The method as in claim 42, wherein said single- 
frequency sinusoid is of the form Uj=Aisin(wkT). 

44. The method as in claim 42, wherein a plurality of 
cycles of said signals are bypassed before sampling so 
that transients of the filter outputs dissipate prior to 
sampling. 

45. The method as in claim 42, wherein said first and 
second filter signals are signal processed over a plurality 
of sine wave periods to yield a more precise measure- 
ment of the plant characteristic. 

46. The method as in claim 45, wherein said signal 
processing comprises averaging each of said first and 
second filter signals over a plurality of sine wave peri- 
ods so that any ripple in said filtered signals is removed. 

47. The method as in claim 42, wherein said step of 
determining said new calibrated plant gain adjustment 
factor comprises dividing said identification ratio Q by 
a nominal identification ration Qnominal to determine 
said new calibrated plant gain adjustment factor kg, 

48. The method as in claim 42, wherein said single- 
frequency sinusoid is added directly to said control 
signal u at a control node, 

49. The method as in claim 42, wherein said method 
includes measuring the plant phase by phase shifting, 
said phase shifting comprising the steps of: 

phase shifting said plant control signal Uc by a first 
phase shift Api so that said identification ratio Q is 
zero; 

phase shifting said transducer position y m by a second 
phase shift Ap2 so that the reciprocal of said identi- 
fication ration 1/Q is zero; 

computing said plant phase from the difference of 
said first and second phase shifts. 

50. The method of claim 42, wherein said method 
additionally comprises performing ROM and RAM 
calibration, said calibration comprising the steps of: 

measuring the A/D offset in high and low gain 
modes; 

measuring the power amplifier offset in both high and 
low gain modes; 
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measuring the demodulator offset; detennining a new calibrated plant gain adjustment 

measuring the plant gain in track following mode factor kg, said factor being an inverse function of 

using a time averaging technique; and identification ratio Q; 

compensating each of the theoretical values used in replacing a previous plant gain adjustment factor by 

said estimator by said measured values; 5 said new calibrated plant gain adjustment factor; 

whereby the accuracy of said plant gain is improved. multiplying said control signal u by said new cali- 

51. The method of claim 50, wherein said method of b f e ^ lant *™ faCt0r k ' t0 ° btain m 
adaptively calibrating a plant gain includes a method of ^ saiT con°trStem automatically compen- 
measunng a plant resonance frequency, said method of ^ £ ^ ^ ^ for ^ ^ m 
measuring a plant resonance frequency comprising: A " ^ ve pj^t aain 

varying the frequency of said single-frequency sinus- 56 met hodas in claim 55, wherein said step of 

oid over a frequency range; and determining said new calibrated plant gain adjustment 

sampling said plant gain as said frequency is varied at factor comprises dividing said identification ratio Q by 

a sampling rate sufficient to detect said resonance ^ a nomma i identification ration Qnominal to determine 

frequency. said new calibrated plant gain adjustment factor kg. 

52. The method of claim 51, wherein said method 57, The method as in claim 55, wherein said single- 
additionally comprises canceling the effect of a reso- frequency sinusoid is added directly to said control 
nance frequency, wherein said method of canceling said signal u at a control node. 

resonance effects comprises filtering said resonance 20 58. The method as in claim 55, wherein said single- 
frequency, frequency sinusoid is of the form Uj*= Aisin(wkT). 

53. The method of claim 52, wherein said step of 59. The method as in claim 55, wherein said method 
filtering said resonance frequency comprises filtering includes measuring the plant phase by phase shifting, 
said resonance frequency using an adaptive notch filter. phase shifting comprising the steps of: 

54. The method of claim 53, wherein said notch filter 25 phase shiftill S said plant control signal u 0 by a first 

is a notch filter selected from the group consisting of (i) P hase ^ ft A Pi 80 8aid identification ratio Q is 

a digital filter notch filter, (ii) a digital notch filter im- v zero ', . . . 

pieced 1. a look-up taWc, and (in) a digital notch '"^S^^^of^^ 

filter that filters as a function of said resonance fire- 1 /r?T* JlZ. 

fication ration 1/Q is 2ero; 

^S 0 ?' « « • . , . . _i , r computing said plant phase from the difference of 

55. In a hybrid analog and digital control system for ^ fot ^ phase shiftg 

a magnetic disc storage device compnsmg an electro- 50 The me thod of claim 55, wherein said method 

mechanical actuator responsive to a command signal, at additionally comprises performing ROM and RAM 

least one magnetizable rotating disc having disc track ca ii brat ion, said calibration comprising the steps of: 

position data encoded magnetically thereupon, at least 35 measuring the A/D offset in high and low gain 

one transducer proximate said rotating disc surface for modes; 

sensing said magnetic positional data, said transducer measuring the power amplifier offset in both high and 

being mechanically linked to said actuator and generat- low gain modes; 

ing a signal related to a measured position y m in re- measuring the demodulator offset; 

spouse to said sensed magnetic positional data, and a 40 measuring the plant gain in track following mode 

control system comprising an estimator; using a time averaging technique; and 

a method of adaptively calibrating a plant gain for compensating each of the theoretical values used in 

regions of said disc and for each of said transduc- said estimator by said measured values; 

ers, by determining a plant gain adjustment factor, whereby the accuracy of said plant gain is improved. 

said method comprising the steps of: 45 61- The method of claim 55, wherein said method of 

commanding said actuator to a position r with a con- adaptively calibrating a plant gain includes a method of 

trol signal u; measuring a plant resonance frequency, said method of 
generating a single-frequency sinusoid signal u* measuring a plant resonance frequency comprising: 
injecting said single-frequency sinusoid signal u, to m frequency of said smgie-frequency sinus- 
said control system so that said single-frequency 50 Old over a frequency range; and 

sinusoid is added to said control signal; sampling said plant gam as said frequency is varied at 

combining said control signal u ud *d single-fre- J ******* rate sufficient to detect ^ reSOnanCe 

quency sinusoidal signal *to generate a corrected 62 /^£ mod of claim 55, wherein said method 

c Srfv Slgn fj Uc ' . . 55 additionally comprises canceling the effect of a reso- 

mulfaplying said control signal and said added sinus- ^ frequency ^ here in said method of canceling said 

oid signal by said sinusoid signal to generate a first resonan £ effects comprises filtering said resonance 

product signal; frequency, 

measuring a position of said transducer y m ; $3 The method of claim 62, wherein said step of 
multiplying said measured transducer position by said 60 filtering said resonance frequency comprises filtering 

sinusoid value to generate a second product signal; said resonance frequency using an adaptive notch filter, 

low-pass filtering said first product signal to generate 54. The method of claim 63, wherein said notch filter 

a first filtered signal; is a notch filter selected from the group consisting of (i) 

low-pass filtering said second product signal to gener- a digital filter notch filter, (ii) a digital notch filter im- 

ate a second filtered signal; 65 plemented in a look-up table, and (iii) a digital notch 

dividing said second filtered signal by said first fil- filter that filters as a function of said resonance fre- 

tered signal to generate an identification ratio Q quency. 

proportional to the measured plant gain; ***** 
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